The effect of p-fluorophenylalanine (FPA) on deoxyribonucleic acid (DNA) synthesis and chromosome replication was studied in a thymine-requiring mutant of Escherichia coli. The rate and extent of chromosome replication were followed by labeling the DNA with isotopic thymine and a density marker, bromouracil. The DNA was extracted and analyzed by CsCl gradient centrifugation. The block in chromosome replication caused by high concentrations of FPA occurred at the same point on the chromosome as that caused by amino acid starvation. In a random culture, DNA in cells treated with FPA replicated only slightly slower than the DNA from cells that were not exposed to the analogue. In cultures which had been previously starved for thymine, however, the DNA from the cells treated with FPA showed a marked decrease in the rate and extent of replication. It was concluded that the E. coli cell is most sensitive to FPA when a new cycle of chromosome replication is being initiated at the beginning of the chromosome.
CARPENTER AND BINKLEY CaC12, 0.11; D-glucose supplemented with 2 pug of thymine per ml, 5; and (in pug/mi) arginine, 38; methionine, 30; and tryptophan, 14 . When 3H or 14C was used, the concentration of thymine was reduced to 0.2 ug/ml. The specific activity of the 14C-thymine was 0.1 ,uc/,ug; the specific activity of the 3H-thymine used as a pulse was 15 uc/,pg. In some experiments, 5-bromouracil was substituted for thymine at a concentration of 10 lg/ml. Solutions of glucose, MgSO4, CaCl2, thymine, and the amino acid mixture were autoclaved separately and added aseptically to the minimal salts medium at the time of inoculation.
Bacteria were grown at 37 C on a New Brunswick gyratory shaker, model G-25. Growth was measured by following the increase in turbidity at 450 nm on a Beckman DU spectrophotometer. An absorbancy of 0.2 is equal to 6 X 107 cells per ml in a normal culture. Absorbancy parallels increase in protein and dry weight in both normal and inhibited cultures. Both organisms grew exponentially with a doubling time of 45 min.
Changes of medium were accomplished by filtering the cells on membrane filters (0.45-pm pore size; Millipore Corp., Bedford, Mass.). Cells were filtered, washed once with minimal salts medium, and immediately resuspended in new medium. Care was taken not to allow the cells to become dry or to remain on the filter for longer than 1 min. If either of these events occurred, marked growth disturbances resulted.
Measurement of DNA synthesis by thymine incorporation. E. coli 15T-577 was grown in the presence of 0.2 pug of 14C-or 3H-thymine per ml; 1-ml samples of the culture were added to an equal volume of cold 10% trichloroacetic acid and allowed to stand at 5 C for a minimum of 30 min. Each sample was then filtered on a Millipore filter (pore size, 0.45 pum), washed four times with 5 ml of cold 5% trichloroacetic acid, and allowed to dry. Radioactivity of the dried filters was determined in a Packard Tri-Carb scintillation counter, model 3003.
Assayfor amino acyl sRNA synthase. Samples of the bacterial culture were quickly chilled at S C and centrifuged at 6,000 X g for 20 min. The resulting pellet was washed once with cold minimal medium, recentrifuged, and stored overnight at -10 C. The next day the pellets were thawed and diluted to 2 ml with tris(hydroxymethyl)aminomethane (Tris)-chloride buffer (pH 7.3). Toluene (0.05 ml) was added to the resulting cell suspension. The cells were agitated rapidly for 1 min and then incubated for 30 min at 37 C. After the incubation, the suspension was recentrifuged at 27,000 X g for 1 hr. The resulting supernatant fluid was used immediately for the enzyme assay.
Amino acyl sRNA synthase activity was measured by a modification of the method of Fangman and Neidhardt (5) . This assay measures the enzymatically catalyzed conversion of 14C-phenylalanine into the cold trichloroacetic acid-insoluble amino acid-sRNA complex. The reaction mixture contained the following components in a total volume of 0.5 ml: 50 ,umoles of Tris-chloride buffer (pH 7.3), 5 pmoles of MgC12-6H20, 5 pAmoles of KCI, 1 pmole of glutathione (pH 7.0), 1 pumole of dipotassium adenosine triphosphate (pH 6.8), 0.5 mg of E. coli sRNA, 0.01 pumole of '4C-phenylalanine (specific activity, 10 uc/pumole), and 0.3 ml of cell extract.
The reaction mixture was incubated at 37 C for 20 min, and the reaction was terminated by the addition of 0.5 ml of cold 10% trichloroacetic acid to each tube. The precipitated mixture was filtered on Reeve Angel glass fiber filters, washed three times with cold 5% trichloroacetic acid containing 1 mg of C-phenylalanine per ml, and washed two times with cold 67% ethyl alcohol. The filters were thoroughly dried and radioactivity was determined in a Packard Tri-arb scintillation counter, model 3003.
Analy.sis of DNA by CsCI gradient centrifugation.
Samples (20 ml) of the bacterial culture were chilled rapidly to 5 C and centrifuged for 15 min at 6,000 X g. The resulting pellet was resuspended in 1.0 ml of a solution containing 0.01 M ethylenediaminetetraacetic acid, 0.01 M Tris-chloride buffer (pH 7.5), and 2 mg of pronase per ml. Dupanol (1%) was added to lyse the cells, and the resulting suspension was incubated overnight at 37 C. After the incubation, the solution of lysed cells was stirred rapidly for 5 min and an 0.3-ml amount was applied to the CsCl gradient.
A preformed linear gradient of CsCl was used to separate two species of DNA on the basis of weight or buoyant density. The preformed gradient used in these studies consisted of three layers (each 1.5 ml) of densities 1.80, 1.74, and 1.68 g/ml. The aqueous solution of DNA was carefully applied on the top layer and covered with 1 ml of heavy mineral oil. The preparation was centrifuged for 15 hr at 35,000 rev/min in an SW39 swinging-bucket rotor of a Spinco preparative ultracentrifuge. After centrifugation, the tubes were punctured and fractions of eight drops each were collected on numbered pieces of blotting paper. These were dried and the radioactivity was determined in a Packard Tri-Carb scintillation counter.
Use of a preformed gradient provided good resolution after only 15 hr of centrifugation. In most methods reported in the literature, the DNA is mixed with a single concentration of CsCl and 48 to 60 hr of centrifugation is required for adequate resolution.
To check the linearity of the CsCl gradient after centrifugation, fractions of eight drops each were collected in small tubes. The refractive index of each fraction was taken and the density calculated by the following formula (2) Effect of FPA on the activity of the amino acyl sRNA synthase. Since nucleic acid synthesis is dependent on protein synthesis and the presence of essential amino acids (9, 11) , the effect of FDA on the activity of the amino acyl sRNA synthase was also studied. Addition of 1O-3 M FPA to exponentially growing cultures of E. coli B produced a marked decrease in the total activity of the synthase (Fig. 3) . As the culture entered the slow exponential growth phase, an increase in total activity was observed.
Effect of FPA on DNA synthesis after amino acid and thymine starvation. During amino acid starvation, a chromosome will complete its current cycle of replication, but no new cycles of replication will be initiated until amino acids are points represent activityper 100 ml ofculture. 96, 1968 returned to the culture (9) . Thymine starvation stops DNA synthesis abruptly but induces the premature initiation of a new cycle of replication when thymine is returned to the culture (16) . Tlhus, both systems provide an opportunity to study the effect of FPA on the initiation of new cycles of replication. Figures 4 and 5 show the effect of FPA on the reinitiation of DNA synthesis following periods of amino acid and thymine starvation in cultures of E. coli. In both systems, the net rate of DNA synthesis was markedly less in cells exposed to the analogue. Additional experiments utilizing density-labeling techniques were subsequently performed to explain how or where replication is inhibited.
Comparison of the block in chromosome replica- caused by FPA. In the following experiments, the , 3 net rate of chromosome replication was measured o0
by following the appearance of hybrid DNA containing bromouracil (BU). The DNA was ex-2 _ tracted and analyzed by CsCl density centrifugation, as described above. Figure 6 shows the An exponentially growing culture of E. coli was grown for several generations in "4C-thymine.
The cells were then pulsed for 5 min with 3H-thymine. At this point, the tritium was removed and the culture was divided into three portions. Portion A was starved for amino acids for 80 min in the presence of '4C-thymine; the culture was then transferred to complete medium containing BU in place of thymine. Portion B was treated with 2 X 10-2 M FPA for 80 min in the presence of 14C-thymine; the FPA was then removed and the culture was transferred to complete medium containing BU in place of thymine. Portion C, the control culture, was transferred immediately to complete medium containing BU in place of thymine. In each case, samples were taken at various intervals after transfer into the BU, and the DNA was analyzed by CsCl density centrifugation.
The appearance of 'IC in the hybrid DNA measures the net rate of chromosome replication; the appearance of 3H in the hybrid DNA shows the replication of DNA made immediately prior to the amino acid starvation or prior to the FPA treatment. In the case of the control culture, the 3H in the hybrid represents replication of DNA made prior to the transfer into BU-containing medium. Figure 7 shows the results from the control culture and illustrates the pattern of sequential chromosome replication characteristic of normal, exponentially growing E. coli. In a culture with a generation time of 45 min, a 5-min pulse of tritium labeled only 5 to 7% of the chromosome; if replication is sequential, this portion of the chromosome should not replicate again until approximately one generation time has elapsed. Figure 7 shows that this was indeed the case; a significant portion of the "IC-DNA appeared in the hybrid before the 8H-DNA began to replicate.
However, the 'IC-DNA and 3H-DNA replicated at approximately the same rate in those cultures which were starved for amino acids or treated with FPA before transfer into BU ( Fig.  8 and 9 ). Thus, in each of these two cultures, DNA synthesis stopped at a common point before the tritiated region was allowed to replicate. Consequently, when DNA synthesis was resumed in the BU medium, replication of the tritiated region began immediately. Since amino acid starvation is thought to block DNA synthesis at the origin of the chromosome, the above data suggest that FPA might act in a similar manner.
Replication Figures 11 and 12 show that the DNA synthesized in the presence of FPA replicated markedly slower than that of the control. In addition, a significant amount had not replicated after 100 min of incubation (approximately two generation times) in the BU. Pulsing the culture with 3H-thymine immediately after the starvation period labeled the chromosome in two places-a small region at the beginning of the chromosome and a small region at the growing point which existed prior to the starvation period. The techniques employed in these studies did not permit differentiation between these two regions. Consequently, it was not possible to tell which of the two regions (or fractions thereof) had not replicated. In view of the results obtained with the randomly growing cultures where replication in the FPAtreated culture did go to completion, it is possible that the incomplete replication observed in the thymine-starved culture may have been due to an inhibitory action of FPA on the initiation process at the beginning of the chromosome.
DIscussIoN
The purpose of this investigation was to study in detail the inhibitory action of FPA on chromosome replication in E. coli. Labeling of the chromosome with isotopic thymine and subsequent analysis of the DNA by CsCl centrifugation were used to study the pattern of chromosome replication in both normal and FPAtreated cells. The experiments were designed to discover where the block in chromosome replication occurred and to determine whether the DNA made in the presence of FPA was abnormal in regard to its ability to replicate.
The work reported in this study indicates that both amino acid starvation and high concentrations of FPA may block chromosome replication at the same point. Since amino acid starvation is thought to block replication at a genetically stable site, termed the origin of the chromosome (6) Other workers have also reported that the sensitivity of a cell to FPA is dependent upon the time the analogue is added in the division cycle. Polasa and Green (13) reported that FPA inhibited maturation of adenovirus only when the analogue was added at or near the time of infection. Scholar (personal communication) showed that inhibition of cell division in synchronized cultures of B. subtilis was dependent on the time FPA was added in the cell cycle. Similar results were reported by Hardy and Binkley (6) in a thymine-requiring mutant of E. coli.
Current theories for chromosome replication in bacteria state that the polynucleotide chain acting as template must be attached to the cell membrane for replication to occur (7) . If the cell membrane is injured or physically nonfunctional, it is possible for DNA synthesis to be impaired. Silver and Wendt (17) have shown that phenethyl alcohol, an inhibitor of DNA synthesis, may cause a pathological change in the permeability of the cell membrane. Brostrom has shown abnormalities in membrane function and structure in FPA-treated E. coli cells (personal communication).
The possibility that FPA may directly affect the biological activity of the cell membrane suggests another explanation for the observed inhibition of DNA replication by the analogue following thymine starvation. According to Lark's hypothesis (7) for chromosome replication, DNA resulting from the premature initiation of a new cycle of replication must attach to a site on the membrane for further replication to occur. If this site has been altered, the chromosome may not be able to replicate completely or may not be able to function as a template for the next cycle of replication. It is possible that FPA may have been incorporated into an active site within a membrane protein or may have induced a conformational change resulting in loss of biological function.
The effect of FPA on the amino acyl sRNA synthase was also studied. The activity of the amino acyl sRNA synthase was measured by using 14Cf phenylalanine as substrate. When FPA was added to an exponentially growing culture of E. coli, there was a marked drop in total activity of the synthase. This drop in activity may result from one or more of the following factors. (i) FPA may be incorporated into the protein of the synthase, thus rendering the enzyme inactive. A high rate of turnover of the synthase protein would thus produce a drop in total activity. (ii) FPA may be causing a repression or decrease in the synthesis of the enzyme. Since the total activity appears to increase after several hours of exposure to the analogue, it seems likely that repression and derepression may be occurring.
